Abstract-It has been proven that many types of radicals released from atmospheric-pressure plasma can provide effective surface treatment and modification of materials. However, the method for measuring radicals generated with atmosphericpressure plasma and their reaction mechanisms have not become clear in material surface processing. The OH radical distribution was measured successfully in nonequilibrium atmospheric-pressure dc pulse discharge plasma jet by use of the laser-induced fluorescence system. The OH transition [ A 2 + (v = 1) ← X 2 (v = 0)] at 282 nm was used to monitor the ground-state OH radicals.
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I. INTRODUCTION
R ECENTLY, a number of different methods have been proposed to generate atmospheric-pressure nonequilibrium discharge plasma, which is expected to apply for various fields [1] - [5] . In plasma processing technology, dielectric barrier discharge in helium gas forms the basis of atmosphericpressure glow discharge plasma as reported in [6] . Effective material surface processing and cleaning methods in the industrial world are attracting attention and will be one of the key topics in plasma science and technology.
As to material surface modification and cleaning method that use atmospheric-pressure nonequilibrium plasma, it is important to include the temperature of plasma gas and the vibrational excited state of radical species in plasma [7] - [10] . In particular, atmospheric-pressure nonequilibrium dc pulse discharge plasma jets need plasma generation technology in atmospheric-pressure nonequilibrium [11] , but it is difficult to fully comprehend the physical and chemical properties of plasma. Quantitative evaluation in the optical emission spectroscopy technique [12] and laser Thomson scattering measurements [13] have been proposed. However, it is hard to perform the quantitative evaluation in the optical emission spectroscopy technique because all plasma gases react with a large number of electrons, ions, and radicals in the atmospheric-pressure nonequilibrium discharge plasma gas phase. As a result, Ono and Oda [14] reported the sensitive quantitative measurement of radicals in the above discharge plasma, who had used the laser-induced fluorescence (LIF) system to observe pulsed corona discharges, and Kono and Iwamoto [15] who had measured the concentration of OH radicals in atmospheric-pressure glow discharges with the laser Thomson scattering system. We report a number of developments and improvements in atmospheric-pressure nonequilibrium dc pulse discharge plasma jets in order to popularize them in the industrial world. As a result of past studies, the vibrational and rotational temperatures of plasma gas have been estimated based on optical emission spectroscopy measurements of the plasma jet [16] . The emission spectra that correspond to OH radicals have also been confirmed in the plasma gas phase in argon gas discharge. When plasma surface treatment was implemented on polyethylene naphthalate (PEN) film, the hydrophilicity of the PEN film surface was found to increase by the generation of radicals in plasma gas. This indicated a rough confirmation that OH radicals are generated from the gas phase in an atmospheric-pressure nonequilibrium dc pulse discharge plasma jet. Since this was not a direct measurement of OH radicals, however, it was not possible to verify that the radicals generated are in fact OH radicals. Ono and Oda [17] have pointed out that in a humid air, most of the OH can be produced by the interaction of O( 1 D) and H 2 O. The excited atomic oxygen O( 1 D) can be depleted to give O and OH radicals, which makes the concentration of OH increase. However, these radicals and species with strong reactivity can react with the lots of O atoms and O 3 molecules produced by the added O 2 and then decrease the concentration of OH radical [18] .
In this paper, we applied the LIF method to both this plasma and OH radicals, which enabled the distribution of OH radicals to be successfully measured under conditions of constant plasma concentrations in argon gas as the plasma gas by use of an atmospheric-pressure nonequilibrium dc pulse 0093-3813 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. discharge plasma jet. The OH transition [ A 2 + (v = 1) ← X 2 (v = 0)] at 282 nm was used to monitor the groundstate OH radicals [19] , leading to great experimental results. Hereupon, we will describe them in detail. Fig. 1 shows the configuration of atmospheric-pressure nonequilibrium dc pulse discharge plasma jet (PJ-6K manufactured by Haiden Laboratory Inc.) used for measurements. We used a high-frequency pulsed power supply [20] with a 10-kHz pulse frequency and 100-W power supply. Argon gas was used as the plasma gas and was introduced into the glass at the constant flow rate of 10 L/min. Fig. 2 shows the internal construction of atmosphericpressure nonequilibrium dc pulse plasma jet electrode. The plasma torch nozzle is made of a titanium rod (4-mm OD × 10-mm length) at the center of body and is covered with a SUS pipe (36-mm OD × 30-mm ID × 87-mm length). A quartz tube (26-mm OD × 24-mm ID × 87-mm length) is placed between the titanium rod and the SUS pipe at the upper part of plasma torch nozzle. In order to generate dielectric barrier discharges for producing reactive species, the ID and length of plasma torch nozzle are 10 and 20 mm, respectively. Arc discharge is generated at the lower part of plasma torch nozzle where dielectrics are not introduced. Reactive species generated at the upper part of plasma torch nozzle were effectively emitted by the electromagnetic pump. Fig. 3 shows the layout of experimental apparatus. The OH [ A 2 + (v = 1) ← X 2 (v = 0)] system at 282 nm was used to monitor the ground-state OH radicals in a reactor using the LIF method. Normally, in the LIF technique, the sheeted or linear tunable pulse pigment laser is irradiated against radical species for the subject of measurement as a laser for probe, and after having selected the waveform by the spectrograph or the interference filters concentrating the region being light-emitted by plasma with electron excitation/de-excitation of radicals, the radical density distribution is output as an image receiving light as the LIF signal by the photomultiplier or the CCD camera. The LIF measurement of OH was conducted using a frequency-doubled dye laser system. Laser pulses from a XeF excimer laser (Lambda Physik, COMPex 150, tuned at 351 nm) pumped dye lasers (Lambda Physik SCANmate), with Coumarin 153 as a laser dye, which generated a laser beam of wavelength tuned around 564 nm. BBO crystal (BaB 2 O 4 ) pumped by the tuned dye laser beam generated secondharmonic radiation with wavelengths correspondingly tuned to ∼282 nm (energy up to 2.8 mJ and duration of 20-ns full-width at half-maximum (FWHM). The laser beam at 282 nm had a diameter of 2.5 mm. The laser beam was focused to irradiate a position of 30-mm downstream from outside the electrode. A gated ICCD camera (Andor iStar) was used instead of a monochromator system to monitor a 2-D OH profile. An optical bandpass filter for high-speed LIF signal transmission (the transmission at 282 nm and at 309 nm are approximately less than 0.01% and 90%, respectively) was attached to the lens of ICCD camera. In these measurements, the fluorescence was generated immediately from OH radicals after the laser irradiation with probe (pulse duration of 20 ns FWHM) and was additionally monitored for ∼50 ns. In this paper, we also investigated the distribution of OH radicals in steady-state plasma. For this purpose, laser sensitivity was increased much more and the timeaveraged data were obtained. When the LIF signal was monitored using the ICCD camera, there was no effect on monitoring because the laser beam (282 nm) was cut through the filter. Since plasma emission did not reach the monitoring area, there was also no effect on emission. Although the quenching rate on the LIF signal was high, measurements were enabled by increasing the strength of laser emission and the sensitivity of monitoring system because it was possible to measure the distribution of OH radicals under atmospheric pressure. Fig. 4 shows the 2-D OH profiles in the steady-state atmospheric-pressure nonequilibrium dc pulse plasma jet in argon gas flow. Even in the case of single short LIF imaging, the OH LIF signal was easily detected. The OH radical could also be confirmed at a position of 50 mm from the electrode. In the same figure, the discharge configuration of the atmospheric-pressure nonequilibrium dc pulse discharge plasma jet can also be confirmed. This discharge configuration is shown so that the plasma emitted from the plasma torch nozzle partially expands during plasma discharge. In addition, the plasma length was ∼50 mm when the plasma gas flow was adjusted to the constant flow rate of 10.0 L/min, with 100-W power supply, in the atmospheric-pressure nonequilibrium dc pulse discharge plasma jet. Normally, the OH radicals are generated immediately after plasma discharge and have a short life. However, when the plasma gas flow rate was 10.0 L/min, with 100-W power supply, in the atmosphericpressure nonequilibrium dc pulse discharge plasma jet, the OH radicals had a long life as they existed at a position of 45 mm from the plasma torch nozzle. Judging from the existing study, the OH radicals are considered to be generated by the electronic collisional dissociation reaction mainly into water molecule existing in a vapor phase, and in addition to the electronic collisional dissociation reaction to be discharged from plasma, O( 1 D) to be generated from oxygen dissociation being contained in the atmosphere and nitrogen metastable excitation state N 2 (A 3 + u ) are considered to be contributed to the OH radical generation. Fig. 5 shows the spatial distribution of OH radicals measured by use of the LIF system. The LIF observation of the OH radical is profiled under the plasma torch nozzle. As shown in Fig. 5 , the center of plasma torch nozzle is indicated as 0 (zero) on the x-axis the downward height from the plasma jet nozzle as the y-axis and the intensity of LIF emission as the z-axis (the vertical axis in the figure). The LIF observation was carried out by irradiating sheet-shaped laser beam at 1-mm intervals from 20 mm under the plasma torch nozzle. As the intensity of LIF is proportional to the OH radical density, the relative amount of OH radical can be observed. Therefore, the decreasing trend of OH radical gradually weakened as it went away from the plasma torch nozzle to a position of 30 mm under the plasma torch nozzle where the OH radicals were not detected at all. This result means that electrons and radicals exist in plasma.
II. MEASUREMENT EQUIPMENT AND METHOD

III. RESULTS AND DISCUSSION
The formation of these radicals is considered to be greatly affected by radiation trapping. Other researchers have confirmed an improvement in the hydrophilicity of the PEN film surfaces processed at a position of 35 mm outside the plasma torch nozzle [11] , whereas this paper shows clearly that the radicals are the key factors in surface processing. The main cause of these results is that the radicals generated in plasma are transferred in the rapid gas flow and have high energy, which is affected by atmospheric air and thermal dissociation [21] . Based on the observations of radicals in this paper, it was found that the existence of OH radicals was verified at a position of 45-mm downstream from the plasma torch nozzle.
IV. CONCLUSION
The OH radicals are generated immediately after plasma discharge and have a short life span. However, LIF observation of the OH radicals at a position of 45-mm downstream from the plasma torch nozzle was valid, as shown in Fig. 1 , because of the radicals generated with a long life span in gas of a fast flow rate and their reaction with water in the atmosphere. We were previously able to conduct surface treatment of polymer film using this plasma jet at a position of 35 mm from the plasma torch nozzle, which made it possible to confirm the effect of surface treatment based on the influence of radicals. Based on the observations of radicals in this paper, it was found that the life of a radical was verified at a position of 30-mm downstream from the plasma torch nozzle.
